Mutations in Polycystic Kidney Disease proteins (PKD1 or PKD2) are causative for autosomal dominant polycystic kidney disease (ADPKD). However, a small subset of ADPKD probands do not harbor a mutation in any of the known genes. Low density lipoprotein Receptor-related Protein 5 (LRP5) was recently associated with hepatic cystogenesis in isolated polycystic liver disease (PCLD). Here, we demonstrate that this gene may also have a role in unlinked and sporadic ADPKD patients. In a cohort of 79 unrelated patients with adult-onset ADPKD, we identified a total of four different LRP5 variants that were predicted to be pathogenic by in silico tools. One ADPKD patient has a positive family history for ADPKD and variant LRP5 c.1680G4T; p.(Trp560Cys) segregated with the disease. Although also two PKD1 variants probably affecting protein function were identified, luciferase activity assays presented for three LRP5 variants significant decreased signal activation of canonical Wnt signaling. This study contributes to the genetic spectrum of ADPKD. Introduction of the canonical Wnt signaling pathway provides new avenues for the study of the pathophysiology.
INTRODUCTION
Autosomal dominant polycystic kidney disease (ADPKD; MIM 173900) is the most common renal Mendelian disorder with a global prevalence of 1/400-1/1000. 1 Development of multiple fluid-filled cysts may cause bilateral enlarged kidneys and result in end-stage renal disease. Renal replacement therapy is necessary in about~5% of ADPKD patients. 1 In addition, the majority of ADPKD patients have health-care issues owing to extrarenal features and complications such as polycystic liver disease (PCLD; 83%), hypertension (80%), cardiac valve abnormalities (25%), intracranial aneurysm (10%) and cysts in the pancreas and other organs. 2, 3 There is a broad clinical expression of (extra-)renal manifestations and symptoms among ADPKD patients. 1, 3 The phenotype of affected individuals from single large pedigrees may cover the complete spectrum of ADPKD ranging from few renal cysts to grossly enlarged polycystic kidneys with renal failure. 4 These observations suggest that modifying factors, in trans or multiple PKD mutations may influence the onset and course of renal cystogenesis. 5, 6 The genotype-phenotype correlation is not completely understood in ADPKD. 7 Linkage studies identified two disease-causing genes, Polycystic Kidney Disease 1 protein (PKD1; Chr.16p13.3; NG_ 008617.1) and Polycystic Kidney Disease 2 protein (PKD2; Chr.4q22.1; NG_008604.1). 8, 9 Molecular screening may confirm the clinical diagnosis with a mutation frequency of 76% PKD1 and 13% PKD2. 10, 11 Despite thorough screening,~11% of families remain unlinked to either locus, which suggest genetic heterogeneity. 10, 11 Approximately 10% of ADPKD patients have no family history of renal disease. 12 These solitary cases may have mild or severe polycystic kidneys owing to incomplete disease penetrance, de novo (modifier) gene variants and environmental influences.
Recently, we identified the Low density lipoprotein Receptor-related Protein 5 (LRP5) gene (Chr.11q13.2; NG_015835.1) as the third locus associated with isolated PCLD (PCLD; MIM 174050) by whole-exome sequencing in an extended family. 13 As PCLD is the most common extra-renal feature in ADPKD patients, we hypothesized that LRP5 variants may contribute to hepatic and renal disease heterogeneity in ADPKD. We addressed the role of LRP5 by screening all 23 exons in 79 unlinked and/or sporadic ADPKD patients, and performed some functional analyses.
MATERIALS AND METHODS Patients
This study was approved by the institutional review board and ethics committee of the Radboud university medical center, Nijmegen. All participants provided informed consent. The families were recruited in The Netherlands, screened according to the Ravine criteria 14 
LRP5 sequencing and in silico analysis
All 23 exons of the LRP5 gene (NM_002335.3) were screened using High Resolution Melting followed by Sanger sequencing. Scoring of LRP5 variants was performed with homology modeling, in silico analysis such as PolyPhen2, Mutpred, SIFT, Align GVGD, PhyloP and the Grantham score. Genome-wide sequence data from the 1000 Genomes Project, 6500 individuals from the National Heart, Lung and Blood Institute Exome Sequencing Project (version 0.0.27),~500 individuals from the Genome of The Netherlands, exome data from~2000 individuals of predominantly European ancestry sequenced inhouse, and DNA samples from 525 Moroccan healthy, unrelated individuals served as controls.
We reported one LRP5 variant (rs724159825) and three PKD1 variants (rs724159824; rs724159822; rs724159823) described in this manuscript to the public dbSNP database.
Immunofluorescence and qPCR
Subsequently, immunofluorescence studies, luciferase activity assays and qPCR experiments with wild-type (WT) and four mutant LRP5 constructs were conducted. Transfected HeLa cells were stained in order to elucidate the colocalization of LRP5 to the endoplasmic reticulum, Golgi apparatus and the plasma membrane (see Supplementary Information).
Luciferase activity assay and real-time-PCR
Wnt signaling activity was assessed using the Cignal Reporter TCF/LEF Assay Kit (Qiagen, Hilden, Germany) after transfecting CHO or HEK293 cells with WT or mutant constructs and addition of hWnt3a (R&D Systems, Abingdon, UK).
Expression levels of Wnt target genes were assessed in Wnt3a-activated and non-activated transfected HEK293 cells by real-time-PCR.
RESULTS
A subset of 29 ADPKD patients had genotypic prescreening. Molecular diagnostics was performed for PKD1, PKD2 and PKHD1 (Chr.6p12.2; NG_008753.1) in adults. Additional analysis of HNF1ß (Chr.17q12; NG_013019.1) was performed in adolescents when genotype screening of PKD1, PKD2 and PKHD1 were negative. No point mutations, CNV or large deletions were identified and all 29 affected individuals were designated as being unlinked. A group of 50 patients had a clinical diagnosis of ADPKD with a symptomatic polycystic liver. Variants for PCLD in PRKCSH (Chr.19p13.2; NG_009300.1) and SEC63 (Chr.6q21; NG_008270.1) affecting protein function were excluded, but the PKD genotype was unknown in this group. In this heterogeneous cohort of 79 ADPKD patients, we identified four LRP5 variants by Sanger sequencing (Table 1) . Both unique LRP5 variants were detected in the subgroup of ADPKD with a severe polycystic liver. Here, we present the data of three adult-onset ADPKD patients and one adolescent ADPKD patient ( Figure 1 and Supplementary Figures S1-S3 ).
Family A
The proband (109) presented to us with a symptomatic polycystic liver and renal cysts of various sizes at 51 years of age (Table 1) . She was clinically diagnosed as ADPKD. Mutational screening of PRKCSH and SEC63 yielded no variants causing hepatic and renal cystogenesis. She was from Moroccan ancestry and her ancestors did not have renal disease suggestive for ADPKD. During the first pregnancy of her oldest daughter (202), polycystic kidneys and several small hepatic cysts were detected by abdominal ultrasonography. Renal failure was absent and mild hypertension was under control by use of an AT2-receptor antagonist. Both patients fulfilled the unified Ravine criteria for ADPKD. 14 By LRP5 variant analysis, we identified a unique missense variant c.1680G4T; (p.(Trp560Cys); rs377144001) in both Moroccan patients (109 and 202). This LRP5 variant is not detected in genome-wide sequence data such as 1000 Genomes Project, and~2000 in-house exome sequencing data from patients of European ancestry. In addition, LRP5 c.1680G4T is neither detected in 4400 AfricanAmerican exome sequencing cohort from the National Heart, Lung and Blood Institute (NHLBI) Exome Sequencing Project (ESP). This variant was recently identified once in an ESP European-American cohort with a total allele frequency of 1/12 988 (rs377144001, dbSNP v.138). The variant LRP5 c. 1680G4T was not present among 525 tested Moroccan DNAs of unrelated individuals.
In silico analysis predicts this variant to be pathogenic and alters a conserved LRP5 amino acid (Table 2 ). Homology modeling indicated that this missense variant affects one of the tryptophans that are important for the core structure of this domain. Multiple hydrophobic interactions and a hydrogen bond will be lost by the tryptophane amino acid change into cysteine. This variant is highly likely to change the secondary and tertiary structure of the protein, and to disturb the function of the second WD40 domain function.
Variants in the genes PKD2, PKHD1, PRKCSH and SEC63 affecting the protein function were absent, but molecular diagnostics of PKD1 revealed two unique variants. Both PKD1 variants, c. (203) . The consequence of this PKD1 variant is currently unclear, but non-penetrance or late-onset of ADPKD may play a role. The contributing effect of p.(Ala428del) is unclear, but homology modeling suggests that the nascent residues surrounding codon 248 are not conserved and that the C-type lectin domain is not pathogenic altered. It is well conceivable that the identified changes in this patient may exhibit their full pathogenic effect in concert.
Family B
A 57-year-old Dutch male came to our attention because of uncontrolled hypertension. Extensive clinical and radiological examination demonstrated large, complicated (multilocular) renal cysts (Supplementary Figure S1) .
There was no family history for polycystic diseases, liver or renal disease. Therefore, no consent was retrieved for phenotype and genotype screening in family members. PKD1 and PKD2 variants were absent in the proband and Sanger sequencing of the LRP5 gene identified c.3107G4A; p.(Arg1036Gln; rs61889560). This variant reported an incidence of 0.001-0.005 (1/245) in public databases. The missense variant is located at the fourth WD40 and may lead to a less stabilized domain owing to loss of hydrogen and ion binding.
Family C A 14-year-old female (102) was diagnosed with two large, symptomatic cysts with a diameter of 4.5 cm each and a small ('intrapolar') cyst was present in the left kidney with a normal right kidney (Supplementary Figure S2) . Creatinine levels remained between 61 and 71 μmol/l within the normal range (50-90 μmol/l) during 4 years of follow-up. Her blood pressure was 130/70 mm Hg and regularly monitored at home. Family history was negative for ADPKD, autosomal recessive polycystic kidney disease and PCLD or other genomic disorders, but her mother was diagnosed at the age of 30 with nephrotic syndrome of unknown cause. Both parents were screened and there were no structural renal abnormalities on ultrasonography.
Molecular diagnostics showed no evidence for the diagnosis of ADPKD or autosomal recessive polycystic kidney disease by analyses of the PKD1, PKD2, PKHD1 and HNF1β gene. We identified the LRP5 variant c.3403C4T; p.(Arg1135Cys; rs143396225). This variant is reported with a frequency of 1/1300 in the European American ESP cohort from the NHLBI, and absent in the 1000 Genomes Project dataset and~2000 DNA exomes sequenced in-house. In silico analyses predicted LRP5 c.3403C4T to be disease-associated with pathogenic effects for the protein function ( Table 2 ). Homology modeling showed that the arginine is located at the fourth WD40 domain. The p. (Arg1135Cys) variant results in a change of a hydrophilic molecule to an apolar hydrophobic amino acid which may contribute to a destabilized WD40 domain. The loss of ionic interactions is likely to affect the function of the protein domain.
Family D
Bilateral enlarged kidneys containing multiple fluid-filled cysts were an accidental finding on ultrasonography in the proband (101) at the age of 43 (Supplementary Figure S3) . Her blood pressure was under control (128/70 mm Hg) with an antihypertensive ACE-inhibitor and she used antacid medication. Eight years after identification of polycystic kidneys, the 51-year-old patient received renal transplant from a living unrelated donor.
Family history for polycystic or renal diseases was unremarkable. No PRKCSH or SEC63 variants affecting the protein function were present, but PKD screening revealed two PKD1 variants; c.8293C4T; p.(R2765C) (rs144979397) on exon 23 and PKD1 c.11554delC; p.(L3852Wfs*93) (rs724159823) on exon 42. The mother also harbors the PKD1 missense variant p.(R2765C), which is predicted to be likely hypomorphic. [15] [16] [17] Frameshift variant PKD1 c.11554delC is a recently reported variant with a clear pathogenic character. 16 PKD1 analysis in genomic DNA from the father was unavailable.
Sequence analysis of the LRP5 gene yielded a unique LRP5 c.3468G4C; p.(Gln1156His) (rs724159825) in the proband which was absent in the DNA from both parents. The LRP5 variant p.(Gln1156His) was absent in dbSNP and all aforementioned online and in-house exome sequence datasets. This missense variant was predicted to be damaging and the amino acid is located between blades 5 and 6 of the fourth β-propeller domain. Glutamine may interact by hydrogen bonds with adjacent arginine, but shows hydrophobic features at this position. Histidine contains an imidazole functional group which stereometrically changes the position. The major effect of this missense variant is the change in electrostatic charge which may result in disturbed interactions at the surface of the protein domain.
Functional studies
Confocal imaging studies identified co-localization of LRP5 in the endoplasmic reticulum, but no differences were identified between LRP5 localization compared with the WT LRP5 construct for all four LRP5 variants (Figure 1) .
Luciferase activity assays of variant LRP5 compared with WT LRP5 constructs were conducted to estimate Wnt signaling defects. 
DISCUSSION
The data presented here suggest a role of LRP5 in ADPKD. We discovered two unique and two rare LRP5 variants in ADPKD patients regardless of family history or presence of PKD mutations. The association of LRP5 variants with hepatic cystogenesis was identified in an extended PCLD pedigree. 13 The fact that polycystic livers are present in up to 94% of ADPKD patients 2 prompted us to investigate the possible pathogenic role of LRP5 variants in ADPKD patients.
There are a number of functional and animal studies that support the thinking that LRP5 variants may contribute to hepatic and renal cystogenesis. LRP5 is a single transmembrane co-receptor involved in the canonical Wnt signaling pathway that orchestrates mammalian organogenesis. Northern blotting studies indicate that LRP5 is strongly expressed in both liver and kidneys. 18 In addition, there is abundant LRP5 expression in convoluted tubules of human and mouse kidneys. 19 Canonical Wnt signaling is established by binding of a Wnt ligand to a cognate Frizzled receptor in the presence of LRP5. The role of canonical Wnt signaling in ADPKD has been an area of research. [20] [21] [22] [23] [24] [25] Increased canonical Wnt signaling [20] [21] [22] and diminished signal activation or stable β-catenin [23] [24] [25] that lead to an opposite effect of planar cell polarity/noncanonical signaling have been reported in different ADPKD mouse models. These data suggest renal cystogenesis is initiated by imbalance between canonical and planar cell polarity/ non-canonical signaling. 26 Indeed, polycystins modulate Wnt activity and disruption of either pathway may lead to polycystic kidney disease. 20, 21 During the late stage of nephron maturation, polycystins are required for terminal differentiation of epithelial cells. 27 This led to the model that put the canonical/β-catenin pathway as one of the downstream effectors for ADPKD. 28 A targeted knock-out LRP5 mouse develops hepatobiliary abnormalities without specified hepatic nor renal morphology, 24 although it is known that LRP5 models have limited severity of Wnt disease phenotype compared with the almost identical LRP6 gene. 29 The LRP6 knock-out mouse model is lethal, in view of severe developmental defects that affect skeleton, retina and ureter (E8.5). At E18.5, macroscopic small cystic kidneys are visible, suggesting a PKD phenotype. 24 These findings support the notion that Wnt signaling is pivotal during early kidney development while polycystins appear to be critical during final stages of renal tubulogenesis. 28 This paper provides evidence that the discovered variants affect LRP5 function. Luciferase activity assays of four LRP5 constructs decrease Wnt3a-induced signal activation across various cell lines (Figure 2) . 13 In addition, the expression of AXIN2, a Wnt signaling gene is enhanced in the presence of three LRP5 mutants (Supplementary Figure S5) . This suggests that there is constitutive activation of the Wnt signaling as a result of these LRP5 variants.
Loss or gain of function of genes involved in Wnt signaling may lead to an imbalance between canonical and noncanonical signaling events. 30 There is evidence that key players of Wnt signaling modulate the renal disease severity in ADPKD by antagonizing canonical Wnt signaling. 5, 6 Three single nucleotide polymorphisms in dickkopf Wnt signaling pathway inhibitor 3 (DKK3) downregulate canonical Wnt signaling similar to our data for LRP5. 5 In addition, HNF-1β which orchestrates Wnt signaling may aggravate congenital renal cystogenesis in mice and human autosomal recessive polycystic kidney disease and ADPKD. 6, 17 Failure of canonical Wnt signaling homeostasis will result in activated noncanonical signaling. It is likely that other genes or modifier genes in the Wnt signaling pathway are linked to hepatic and renal cystogenesis. 20 Multiple PKD variants may cause early and more severe renal disease in ADPKD. 6 Although the pathogenic character of both PKD1 variants in family A remains unclear, we surmise that the resulting inframe deletion of an alanine amino acid neighboring another alanine does not significantly affect the protein domain structure. A PKD1 missense variant p.(Val1045Met) (c.3133G4A) in the fifth PKD domain has been predicted to be likely hypomorphic. 31 At the similar sequence position, we detected PKD1 c.3133G4C leading to a hydrophobic amino acid change. Leucine and methionine are different regarding presence of a methyl group in leucine and a sulfide molecule in methonine, which are both larger components compared with amino acid valine. 
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The case is different for the PKD1 variants identified in proband 101 from family D. PKD1 c.8293C4T; p.(Arg2765Cys) is present in an unaffected parent, but also is probably hypomorphic and weakly conserved. 15, 32 The second PKD1 variant, c.11554delC; p.(Leu3852Trpfs*93), is detected by next-generation sequencing and probably causative for the ADPKD phenotype. 16 This family had a negative history for ADPKD that suggests a de novo onset of the PKD1 gene variant which has been described before. 12 In order to detect the additional mutational effect of a LRP5 variant to the PKD1 c.1154delC, investigation of the severity of clinical ADPKD phenotype and subsequent functional studies are required.
Previous studies provided evidence that the type of PKD1 variant correlates strongly with renal survival. Carriers of a truncating PKD1 variant have an earlier age at onset of end-stage renal disease which supports the concept of a genotype-phenotype correlation in ADPKD. 33 In conclusion, several in vitro and in vivo studies suggest involvement of aberrant Wnt signaling and unregulated β-catenin levels contribute to renal cystogenesis. 23, 24 Our findings are in line with the hypothesis that genes encoding Wnt/β-catenin signaling partners may be candidate loci for cystic disorders. 13, 20 We postulate that LRP5 variants may render ADPKD patients more susceptible to the development of polycystic liver although further studies are needed to validate our findings.
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